Hyperglycemia and acidosis are the hallmarks of diabetes. Since these factors play an important role in diabetic complications, we have studied the brain catecholamine levels in hyperglycemic and acidotic conditions per se, Experimentally induced hyperglycemia and acidosis are accompanied by significant alterations in the catecholamine levels in discrete areas of the brain. We and others have shown that chronic or acute diabetes in animals, as well as in humans results in altered neurotransmitter levels. In the present study, hyperglycemia maintained by daily external administration of glucose for thirty days showed increased level of dopamine in striatum and hippocampus, elevation of norepinephrine in hippocampus, and increased level of epinephrine in hypothalamus, midbrain and pons medulla. The ammonium chloride induced acidosis demonstrated significant elevation of dopamine in midbrain and significant increase of norepinephrine in hypothalamus and midbrain, and increased level of epinephrine in hypothalamus, pons medulla and cerebral cortex. On the other hand, sodium acetoacetate induced acidosis did not show any significant change in the level of catecholamines in any of the areas studied. In conclusion, the changes in catecholamine levels observed in experimentally induced hyperglycemic as well as in acidotic conditions are closely related to the changes observed in spontaneous or alloxan or streptozotocin diabetic animals, thereby suggesting that these conditions may be responsible for the changes observed in diabetic animals.
Hyperglycemia and acidosis are the key factors which lead to diabetic complications through multifaceted events. Chronic diabetes is associated with characteristic functional and structural abnormalities in the eyes, kidneys, nerves and arteries, which become clinically apparent only after many years of disease (1, 2) . Acute administration of glucose suppresses the discharge rate of dopamine-containing substantia nigra neurons in chloral hydrate anesthetized rats (3) . Glucose also activates tyrosine hydroxylase in rat striatal synaptosomes (4) , which would tend to increase the rate of dopamine synthesis and release. On the other hand, the infusion of epinephrine induces reduction in glucose disposal (5) . There are several other reports suggesting that not only a turnover rate, but also a steady state level of monoamines may be altered in diabetes (6, 7) .
Numerous studies have shown that the experimentally induced diabetes in animal models have demonstrated abnormalities in noradrenergic as well as dopaminergic systems, including the turnover rate (8, 9) , density of receptors (10, 11) and other functions that depend on norepinephrine (NA) or dopamine (DA) systems (12) (13) (14) . Catecholamines and hormones are important organizers of the brain, especially during the development of neuroendocirne systems (15, 16) .
The abnormal levels of which can alter the morphological and functional development permanently (17) through brain neurotransmitter receptors (18) . In diabetic patients, glucose or lipid controls depend on careful coordination of insulin doses, food intake and physical activity. Recent finding show that the genetically engineered gut K cells also produced insulin that substitutes the functions of b cells (19) . There are very few glucose-responsive native endocrine cells in the stomach, duodenum andjejunum, which normally function to potentiate insulin release after a meal (20) .
Experimental diabetes induced in animals by administration of streptozotocin and alloxan is widely used model system with many correlates to insulin-dependent diabetes mellitus in man (21) . We have shown previously (22, 23) that DA, NA and epinephrine (E) was altered in specific areas of brain in alloxan-diabetic rats, these changes was reversed after insulin administration. However, the literature has shown that only certain regions of the rodent brain in diabetic condition have been studied and information on the level of catecholamines in hyperglycemic and acidotic conditions alone are not available. In the current study, we examined the in vitro effects of hyperglycemia and acidosis on the level of catecholamines in discrete brain regions.
MATERIALS AND METHODS

Animals
Healthy male wistar strain albino rats (150-200g) were group-housed and fed with food and water ad libitum. To avoid the circadian rhythm influencing central monoamine content all the experimental procedures and sacrifice were carried out between 0900 and 1000 h by decapitation for the assay of brain monoamines after different treatments.
Chemicals
All the chemicals used in this study were purchased from either sigma (St. Louis, MO, USA) or Fisher (Pittsburgh, PA, USA) and prepared using double glassdistilled water just before use.
Glucose-induced hyperglycemia
Hyperglycemia was induced by repeated intraperitoneal (LP) injections of gl ucosc (I g/kg, twice daily for thirty days) in the animals (n=6). The hyperglycemia was confirmed by daily urine examination using Benedict's reagent and the glycemic level was monitored from the jugular vein blood at weekly intervals (1,7,15 and 30 days) by the o-toluidine method (24) .
Ammonium chloride-induced acidosis
Acidosis was induced by daily LP. injection of 150mg/kg ammonium chloride (NH 4CI) for thirty days. To assess the degree of acidosis, venous blood pH, pC02 and HCO, were analyzed periodically (1,7,15 and 30 days) in these animals (n=6) using Acid-Base laboratory, model ABL-3 (Copenhagen, Denmark).
Sodium acetoacetate-induced acidosis
This group of animals (n=6) was treated with 60mg/kg sod ium acetoacetate (N aAc Ac) for thirty days by daily LP. injection. The acetoacetate level was estimated at 1,7,15 and 30 days in the blood of these animals (25) .
Control
The control animals (n= 15) received equal volume of saline intravenously (LV) and sacrificed after 30 days along with hyperglycemic and acidotic animals to establish the baseline brain catecholarnincs in different regions.
ln te rna I standa rds
100ng of each Epinephrine bitartrate, Norepinephrine bitartrate and Dopamine hydrochloride were used as internal standards against all the brain tissues studied.
Dissection of the brain
Thirty days after the induction of hyperglycemia and acidosis, animals were decapitated. Brains of these animals were rapidly removed and dissected into seven regions viz. striatum, hippocampus, hypothalamus, midbrain, pons medulla, cerebellum and cerebral cortex (26) . The dissected indi vidual pieces were weighed and homogenized immediately in 10 volume of cold acidi fied n-butanol using teflon-glass pestle attached to a variable speed homogenizer (Remi, New Delhi, India).
Estimation of catecholamine levels
After homogenization, each tissue sample was extracted by centrifugation and the levels of catechol am ines were determined spectrofluorimetrically (Hitachi model 650-10 M, fluorescence spectrophotometer, Osaka, Japan). This assay utilizes the adsorption of the catecholamines onto alumina to remove non-catechol fluorescent substances followed by solvent extraction. The fluorescence of E was read at410/500 nm, NA was read at 385/485 nmandDA was read at 320/370 nm as described (27) . The amine content of each tissue was calculated by comparison with the internal standards, based on the modified method of Ansell and Beeson (28) .
Statistical Analysis
Since more than two groups are involved in this study, one-way analysis of variance (ANOYA) was used and if there was a significant 'F' ratio, the results were further analyzed by Tukey' s multiple comparison test on pairs of means to judge significance statistically.
RESULTS
Glucose induced hyperglycemia and its effects on catecholamines in discrete areas of rat brain
We have reported previously that diabetes induced animals showed increased level of DA, NA and E in some specific areas of the rat brain.
We also reported that the insulin treatments to the diabetic rats showed reversal of the brain catecholamines to normal level (22, 23) . Several other studies have reported that diabetic animals showed altered catecholamine levels in discrete areas of the brain and reversed after insulin replacement therapy (29, 38, 39) . Since hyperglycemia and acidosis are the most common consequences of the diabetes, we intended to analyze the role of hyperglycemic and acidotic conditions per se on catecholamine levels in these animals. First, to check the role of hyperglycemia on brain catecholamine levels, we induced hyperglycemia by repeated daily injections ofglucose as described in materials and methods. These animals showed higher blood glucose level (p<O.OO l) after l, 7, 15 and 30 days (Fig. la) . The concentration of DA, NA and E after 30 days treatment with glucose showed increased level in some discrete areas of the brain (Tab. I). Striatum and hippocampus showed significant increase in the level of DA. The NA level was increased in hippocampus when the E showed elevated level in hypothalamus, midbrain and pons medulla. 
Ammonium chloride induced acidosis and its influence on catecholamine levels
As a next step of this study, we induced acidosis by daily I.P. injection of NH 4Cl and the degree of acidosis was assessed by periodic acidbase assay in the blood of these anin.als, These acidotic rats showed significant decrease in blood pH (Fig. lc ) after 1 day (p>O.OI) and decreased further after 7 and 30 days (p<O.OOI respectively). Whereas no significant change was observed in pC0 2 (Fig. l d) and HC0 3 (Fig. Ie) in any of the period studied. The catecholamines also showed significant changes in some specific areas of the brain. DA showed increased level only in midbrain and NA showed significant increase in hypothalamus and midbrain, whereas the E was increased in hypothalamus, pons medulla and cerebral cortex (Tab. I). These results indicates that metabolic acidosis induced by NH 4CI influences the steady state level of catecholamines and prompted us to check the possible role of the other type of metabolic acidosis through NaAcAc.
Role ofsodium acetoacetate induced acidosis on catecholamines
We next studied the effects ofNaAcAc induced acidosis on the level of catecholamines in discrete areas of rat brain. The animals in this group were treated with NaAcAc daily by I.P. injection and the acetoacetate level was estimated at periodic intervals in the blood of these animals. These animals showed significant increase in acetoacetate level (P<O.OOl) after 1, 7, 15 and 30 days (Fig.  1b) , whereas no significant change was observed in the catecholamine levels in any of the brain regions studied when compared to controls (Tab. I).
DISCUSSION
Recent studies on neurotransmitters with various approaches including the steady state level in diabetic condition show that the categories for the changes are ambiguous. The present investigations were undertaken to identify the regionwise changes of catecholamines in rat brain after the induction of hyperglycemia and acidosis to elucidate the role of certain metabolic consequences of diabetes. To achieve this, hyperglycemia was induced by repeated glucose treatment in normal animals to a level, which is Strianml. similar to uncontrolled diabetes (22, 23) . Another important consequence of diabetes mellitus is metabolic acidosis due to the accumulation of ketoacids in diabetic animals. To identify the role of this metabolic acidosis in the modulation of central biogenic amine activities, metabolic acidosis was induced in two groups of animals, one group with NH 4Cl and another with NaAcAc, which mimics more closely the acidosis of diabetes mellitus.
The observations in the present study demonstrate that thirty days after glucose or NH 4CI treatments resulted in a significant increase in the content ofDA, NA and E in some specific areas of brain, which agrees closely with our previous observations in diabetic conditions (22, 23) and also with the values available in the literature (40, 41) . However, the NaAcAc induced acidosis did not alter the neurotransmitters level in any of the brain areas studied. On the other hand, the results of this study have shown that not all the amines are altered in the same manner in all the regions studied. In this regard, we must point out the existing controversies in the literature. Saller and Chiodo (3) have reported that acute administration of glucose has completely suppressed the discharge rate of DA containing substantia nigra neurons in chloral hydrate anesthetized rats, and therefore, glucose would be expected to decrease the rate of release and turnover of DA in postsynaptic target regions. On the other hand, glucose activates tyrosine hydroxylates in rat striatal synaptosomes, which would tend to increase the rate ofDA synthesis and release (4) . Glucose has also been shown to facilitate the uptake of DA in to striatal synaptosomal preparations (30) . In another study, serum tryptophan level was not altered in normal fasting rats intubated with glucose, but serum concentrations of the large neutral amino acids were reduced (31) . In contrast, consumption of carbohydrate causes sequential increases in the concentrations of tryptophan in the plasma and the brain and of serotonin in the brain (32) . From the foregoing it is clear that the categories for the changes are ambiguous. However it is pertinent to point out that in an experimental set up as complex as diabetes mellitus, same agent/conditions may lead to differential changes, but the mechanisms involved in the production of these changes need not to be identical.
Another part of our study was carried out in rats treated with NH 4CI and NaAcAc in separate groups to elucidate the role of metabolic acidosis in diabetic complications; NH 4CI induced acidotic rats showed increased level ofDA in midbrain and increased level ofNA in hypothalamus and midbrain, and increased level of E in hypothalamus, pons medulla and cerebral cortex. Whereas, NaAcAc induced acidotic rats showed no significant change in any of the areas and the amines studied. The results obtained for the confirmation of acidosis in these groups have shown that both these agents induce definite metabolic acidosis, but differential changes in the brain catecholamines, which are not identical, indicating thereby differential mechanisms are involved in the production of these changes. Case and Maldonado (7) have also shown that catecholamines are altered during diabetic ketoacidosis in humans. However, in this regard, acetone is one of the intermediary metabolites during FFA oxidation, which accumulates in diabetes mellitus and could be converted into isopropyl alcohol in the body. Our previous work in this connection has shown that acetone and isopropyl alcohol produced changes in the brain biogenic amines (unpublished data) are different from the results observed in this study and hence could not be responsible for the changes observed.
The finding. by Jellinger and Riederer (42) of raised indoleamine concentrations in postmortem brains of patients with diabetic coma suggests that brain transmitter metabolism may be altered in acidotic condition. On the other hand, glucose tolerance was significantly decreased during NA infusion as compared with saline control as well as NIDDM patients (33) . Many other studies showed uncontrolled hyperglycemia ravages cerebral microvessels and it can be susceptible to blood brain barrier (34) (35) (36) (37) . Thus, our results have shown that there are definite changes in catecholamines in some specific areas ofthe brain after the induction of hyperglycemia by glucose and acidosis by NH 4CI. Since the noradrenergic system is concerned with behavioral alterations, it is possible that the observed neurochemical disturbances could be one of the reasons for. the mood and behavioral changes described in diabetic patients with insufficient insulin replacement therapy. However, from this study it is clear that changes in brain catecholamines are not generalized, but restricted to particular brain regions. Hence it may be presumed that such changes could hardly be associated with any metabolic disturbances, they may be caused rather by some specific (local or general) phenomena.
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